Abstract-Diamonds are very promising candidates for the neutron diagnostics in harsh environments such as fusion reactors because of their proven radiation hardness. In comparison to the standard neutron diagnostics currently used (i.e., fission chambers, silicon based detectors, scintillators) CVD diamonds are less sensitive to γ rays, which represents a huge background in fusion devices. Furthermore, their low leakage current provides a high energy resolution. A CVD diamond based detector has been proposed for the measurement of the 14 MeV neutrons from DT fusion reaction. The prototype was arranged in a proton recoil telescope configuration, featuring a plastic converter in front of the sensitive volume, in order to induce the (n, n) reactions which generate the recoil protons. The segmentation of the sensitive volume, achieved using two crystals with two dedicated electronic readouts, allowed to perform measurements in coincidence, which suppressed the neutron-carbon elastic scattering background. A preliminary prototype was assembled and tested at FNG (Frascati Neutron Generator), showing promising results regarding efficiency and energy resolution.
I. INTRODUCTION
N EUTRON diagnostics play an important role in fusion devices, in particular in the new generation reactors, such as ITER, in which huge neutron fluxes are produced by 500 MW fusion power. These fluxes must be monitored to estimate the reactor damage and the activation. The diagnostics have to withstand high radiation doses, high temperatures and high EM fields. A promising technology for the neutron spectrometer is the CVD diamond-based detector. Diamonds are semiconductors, in which the charge produced by the passage of an ionizing particle in the sensitive volume can be collected by means of an applied electric bias field. The diamond detector features a large electron/hole mobility, 2000 cm 2 /(Vs), so the charge collection is very fast. This makes them suitable for high rate measurements, fundamental requirement for diagnostic in high flux environment such as the fusion reactors.
Since diamond band-gap is as wide as 5.5 eV, the dark current noise at room temperature is negligible. Therefore, the detector does not require any cooling system and can operate even in a high temperature environment (up to 200 • C, [1] ) without intrinsic noise. Another great advantage is its compactness: a fully equipped detector may have linear size lower than 1 cm. Diamond has a very strongly bound octahedral crystalline structure. It is the crystal with the highest melting point, 3800 K, and with the largest displacement energy, 43 eV, among the ones used for neutron detection. This makes it possible to create compact devices suitable for very high radiation environments.
Diamond detectors for radiation monitoring are not a new technology: the first measurements with natural diamonds go back to 1950s [2] . Natural diamonds had been used in the past in various fields. In the 90's, they were also installed for 14 MeV neutron diagnostic in the main fusion devices, like JET [3] - [5] and TFTR [6] . The use of natural diamonds, however, presented some difficulties related to the limited availability of mono-crystalline diamond stones of high electronic quality, which of course, made their price inaccessible. In particular, only IIa type natural diamonds featured an electronic grade suitable for particle detection.
From 1988, artificial diamond films produced by chemical vapour deposition (CVD) were developed, making it possible to fabricate in a reproducible manner crystals exhibiting purity and electrical properties better than those of the natural IIa diamond. CVD diamond detectors soon replaced the natural diamond detectors in the neutron diagnostics of fusion devices, getting comparable results [7] , [8] .
Diamond detectors can also be coated with neutron to charge particle converter, whose material has to be chosen according to the neutron energy range. For example, lithium and boron can be used in the range of thermal neutrons, in which the nuclear reactions 6 Li(n, α) 3 H or 10 B(n, α) 7 Li are likely, while the elastic scattering proton recoil on plastic material can be used for fast neutrons, in the 1-10 MeV range. LiF coating on CVD diamonds has been used in JET tokamak [9] . In that configuration, not only the 14 MeV neutrons had a good energy resolution through the 12 C(n, α) 9 Be reaction, but also the thermal neutrons coming from streaming through shielding could be measured, giving important information about the background. Also a plastic converter placed in front of a natural diamond detector was used to measure the burn up fraction (i.e the fraction of the fuel which is actually burned) in the proton recoil telescope configuration [10] . This configuration, however, gave not satisfying results: the background due to the elastic scattering of fast neutrons on the carbon nuclei compromised the measurements of the 2.5 MeV neutrons.
In this paper, a new concept of diamond neutron detector was studied. It used plastic neutron to proton converter as in the previously cited proton recoil telescope configuration, but its sensitive volume was segmented in two diamond crystals. In this way, using fast coincidence measurements, the elastic neutron-carbon scattering background can be rejected and in principle both the 14 MeV and the 2.5 MeV neutrons, from DT and DD fusion reactions, respectively, can be measured. The Monte Carlo simulations of the spectrometer, the assembly and the preliminary measurements of its prototype will be described in details in the following sections.
II. SPECTROMETER DESCRIPTION
AND FEASIBILITY STUDY The general features of the proton recoil telescope prototype for 14 MeV DT neutrons studied in this work are shown in Fig. 1 .
The telescope was made by a plastic neutron to proton converter, located in front of the sensitive volume of the detector, forming the classical dE vs. E total calorimeter, i.e., a detector in which the energy of the charged recoil particle is sampled and then completely absorbed [11] , [12] . The sensitive volume of the detector was composed by two CVD diamond crystals, aligned with respect to the incoming neutron flux direction. The recoil protons cross one diamond and are absorbed in the second, making possible to measure fast coincidences between the signals from the two crystals. Coincidence measurements allow the rejection of the background, mainly due to elastic scattering of neutrons on carbon nuclei. The elastic scattering cross sections of neutrons on carbon and hydrogen nuclei are of the same order of magnitude at the neutron energy of interest for this application, however the plastic converter has to be thin to preserve the energy resolution of the recoil protons. Because of the difference in the thicknesses of converter and diamonds, the background can be particularly high [13] . The elastic scattering shoulder due to the neutron interacting in the diamond can compromise the resolution of the measurements, in particular in the low energy region of the proton spectrum. Furthermore, this background is the dominant signal in OR trigger measurements and thus can limit the acquisition rate in a high flux environment such as ITER tokamak.
Using unfolding procedures, the energy of the neutrons can be reconstructed from the proton deposited energy. The use of the plastic converter makes the unfolding easier, thanks to the smoothness of the elastic scattering cross section of neutron on hydrogen. Unfolding can be done also from the energy deposited in the carbon itself [6] , but the procedure is rather complicated because the cross section is not regular and exhibits peaks due to resonances and steps due to thresholds of inelastic channels. The thicknesses of the two diamonds have to be optimized to allow 14 MeV protons to deposit enough energy in the first crystal and to stop completely in the second. The thickness of the first crystal determines the energy threshold of the protons which can be detected in coincidence. The converter thickness has to be a compromise between a good conversion efficiency and a minimal energy loss of the recoil protons in its volume. Furthermore, distancing the two crystals by a known distance allows to detect in coincidence in majority those protons which recoil forward with respect to the incoming neutron flight direction, and thus have the same energy, and also to suppress the accidental coincidence background by a factor L 2 /d 2 , where L is the crystal side of both the diamonds and d is the distance between the two crystals. This makes the unfolding of the proton spectrum a straightforward procedure.
The neutron to proton conversion is not the only signal in coincidence though. Other possible events in coincidence are 12 C(n, n), i.e., the elastic scattering of neutrons on the carbon nuclei in both the crystals, and the 12 C(n, α)X, which are essentially 12 C(n, α) 9 Be and 12 C(n, 3α)n. In the last two cases, one of the α particles can travel from one crystal to the other, giving a signal in coincidence.
Three different prototypes were studied, all of them had the common structure of Fig. 1 , with two 3 × 3 mm 2 crystals placed at 1 cm distance, a 20 μm thick polyethylene converter, which corresponded to an energy loss of 140 keV for 14 MeV protons, and 50 nm thick Cr contacts. The differences between the three prototypes were in the crystal thicknesses:
Simulations of the detector response were performed for all the three prototypes with the Monte Carlo code Geant4 [14] . To this end, a realistic neutron spectrum expected at the end of collimator beam line, which is envisaged in front of the neutron spectrometer in an ITER-like environment, was used (Fig. 2) . The 14 MeV peak of the DT neutrons has a width characterized by the standard deviation σ of 500 keV, because of the thermal broadening at ion temperature T i ∼ 25 keV, expected at ITER.
A. Prototype 1
In the prototype 1, the first crystal was considered as thin as possible: this represented the ideal case, with the lowest neutron detection threshold. The lower limit on the crystal thickness was given by the the electronic readout noise level, which had to be lower than the signal from the proton crossing the crystal. The thickness of 30 μm was chosen assuming 30 keV equivalent noise level. The second crystal was chosen 700 μm thick, such that the sum of the thicknesses was comparable to the range of 14 MeV protons in diamond. The converter thickness was set to 20 μm, which corresponded to an energy loss of 140 keV for 14 MeV protons.
The simulations of prototype 1 response to the realistic neutron spectrum from Fig. 2 revealed its main characteristics. Prototype 1 allowed to reconstruct the neutron spectrum down to 2 MeV. To discriminate the protons from the background, the energy loss cut was applied on the dE vs. E total correlation. This cut is shown by the two solid lines in Fig. 3(a) , where dE 1 /dx 1 is obtained as the energy deposited in the first crystal divided by the crystal thickness and E tot is the sum of the energy deposited in the first and in the second crystals. The total energy deposited in the crystals is shown in Fig. 3 (b) before and after the cut. The efficiency for neutrons above 2 MeV was found to be about 4 ×10 −6 . The remaining background contamination in the reconstructed events, represented by all the events not corresponding to protons stopped completely in the telescope and remaining after the energy loss cut, was about 1%. The neutron spectrum was reconstructed from the deposited energy distribution, dividing it by the efficiency and adding the energy loss of 300 keV. The latter is mainly due to the proton energy loss in the non-sensitive volume of the detector and in particular due to the angular aperture between the two crystals, which allows to detect in coincidence the protons recoiled at the angle θ = 0 o + θ and thus with an energy E p = E n − E( θ ).
The original and reconstructed neutron spectra, shown in Fig. 4 , demonstrate fairly good agreement. Prototype 1 is an extreme configuration because commercial crystals of that size (30 μm of thickness) are difficult to produce. However, it gave important indications on the intrinsic limits of this concept, like the lowest neutron reconstructed energy and the intrinsic energy resolution.
B. Prototype 2
In the prototype 2 commercially available crystal thicknesses, which typically range from 300 μm to 500 μm, were chosen: the prototype was constructed with a first 300 μm thick crystal followed by a second 500 μm thick crystal. The prototype 2 allowed to reconstruct the energy spectrum of the incoming neutron down to 8 MeV. Also in this case, an energy loss cut indicated by the solid lines in Fig. 5(a) was applied to select completely absorbed protons. The efficiency of this cut can be seen from the distribution of the total energy deposited in the crystals, shown in Fig. 5(b) before and after the cut. The efficiency for neutrons above 8 MeV was about 3 ×10 −6 with the background contamination about 1%.
C. Prototype 3
In the prototype 3, crystals with thicknesses of 100 μm and 600 μm were considered, assuming that the thickness of the commercially available crystals can be reduced using the lapping technique. In this case, the neutron spectrum could be reconstructed down to 4 MeV. The energy loss cut to reject all the events but the completely absorbed protons is shown in Fig. 6(a) , and the effect of this cut can be seen in Fig. 6(b) . The efficiency for neutrons above 4 MeV was about 3.2 ×10 −6 , while the remaining background in the reconstructed events was less than 3%.
In the Table I , efficiencies and remaining background contaminations are listed for the three prototypes considered.
In conclusions, a neutron spectrometer optimized for 14 MeV neutrons was studied. Three different prototypes with different diamond thicknesses were considered, showing that the thickness of the first diamond affects the threshold of the energy spectrum which can be reconstructed. In the ideal configuration (prototype 1), using a 30 μm thick crystal, the energy spectrum can be reconstructed down to 2 MeV. Using commercially available crystals (300 μm and 500 μm), instead, the spectrum can be reconstructed down to 8 MeV.
The energy resolution depends on the thickness of the nonsensitive volumes of the detectors (contacts and converter) and in our geometry the standard deviation of the 14 Mev peak was about 270 keV. The neutron detection efficiency was about 10 −6 and the background contamination was of a few %.
III. MEASUREMENTS AT FNG
In the previous section, the optimal geometrical parameters for the proton recoil telescope were studied. Unfortunately, the commercially available CVD diamond crystals have limited range of thicknesses. For the first exploratory measurements, the standard Diamond Detector Limited (DDL) detectors were used to test prototype operation principle and efficiency. The tested telescope prototype was made by two CVD diamond detectors, arranged one in front of the other, aligned at a distance of 1.2 cm. A 70 μm thick plastic converter was placed in front of the first crystal. One of the DDL detectors is shown in Fig. 7 . It is composed by an electronic grade, single crystal CVD diamond, with dimensions 0.5 × 4.7 × 4.7 mm 3 . It is located in a brass case, glued from one side to the Printed Circuit Board (PCB) with a conductive glue, which works as an electric contact, and bonded with micro-wires on the opposite side. Both the metallic case and the PCB are perforated, so that charged particles can travel from one crystal to the other passing only through the air. The schematic drawing of the prototype is shown in Fig. 8 .
This prototype was tested at the Frascati Neutron Generator (FNG) facility [15] . In this facility, a deuteron beam impinges on a tritium target and up to 10 11 neutrons/s with 14 MeV energy can be produced by t(d, n)α fusion reaction.
A. Experimental Set-Up
The prototype was fasten to a metallic support structure, at a distance of about 10 cm from the tritium target, at 90 • with respect to the deuterium beam line. The position of the prototype with respect to the neutron source is shown in Fig. 9 .
Two different readout electronics chains were used in the measurements, shown respectively in Figs. 10 and 11 . The first chain consisted of charge sensitive pre-amplifiers Fig. 9 . Picture of the prototype installed at the FNG neutron source. ORTEC 142A, followed by spectroscopy amplifiers ORTEC 572A with shaping time of 2 μs and acquired by a Digitizer CAEN DT5724, working at a sampling rate of 100 Ms/s. The two detectors were biased with +500 V and −500 V respectively, and connected to the pre-amplifiers by 2 m long cables. The coincidence analysis was performed off-line. The second chain consisted of trans-impedance pre-amplifiers Cividec C6, directly connected to the detectors, followed by an amplifier Philips Scientific 771 and by a Digitizer SIS3305, working at a sampling rate of 5 Gs/s. Also in this case, voltages of +500 V and −500 V were supplied to the detectors.
A simulation of the prototype response to the FNG neutron flux was carried out. A detailed MCNP5 [16] input file, describing the geometry and the neutron source was provided by ENEA and allowed to calculate the neutron flux and spectrum in the region of interest. Though, neither version of MCNP (MCNP5/X/6) treats explicitly charged particle production from neutron interaction below 20 MeV (except for capture reactions on 3 He, 6 Li and 10 B [17] ), thus it is not possible to generate the products of nuclear reactions such as 12 C(n, α) 9 Be or the recoil protons from (n, n) elastic scattering on hydrogen. So the simulation was made in two steps: the neutron flux and spectrum at the converter surface were evaluated using the code MCNP, while the detector response to the neutrons was simulated with GEANT4, using Binary Cascade physic library.
In the first simulation the detector was added into the MCNP FNG input file to tally the neutron flux at its boundaries. The obtained neutron flux map per source particle is shown in Fig. 12 , while the neutron spectrum at the front surface of the converter is shown in Fig. 13 for different flight directions. Up to 90% of the neutrons crossed the surface at small angles, from 0 • to 15 • , with respect to the normal, so the neutron source for the second step was approximated by a monodirectional surface source, placed just in front of the converter.
B. Data Analysis and Results
The energy deposited in each crystal (OR trigger) is shown in Fig. 14 for both the electronic readouts in comparison with the simulations. For a better comparison, the simulated spectra were broadened with the electronics resolution of each chain, which are σ ∼ 70 keV for the fast chain and 250 keV for the charge sensitive chain. The electronic resolution was estimated as the standard deviation σ of the 8 MeV peak in Fig. 14 . During the acquisition with the charge sensitive chain, high electronic noise was present. This behaviour could be related to the fact that 2 m long cables were used to keep the charge pre-amplifiers far from the neutron source. These long cables could be a source of noise. The high noise level compromised the energy resolution, which usually can be better than 100 keV with the same charge sensitive chain. In the deposited energy spectrum three regions can be identified: below 4 MeV there is the n-C elastic scattering shoulder, then from 6 to 8 MeV there is the shoulder of the 12 C(n, 3α)n reaction and around 8 MeV there is the 12 C(n, α) 9 Be peak.
Without coincidence trigger the recoil protons cannot be separated from the background, except in the range above 8 MeV 12 C(n, α) 9 Be peak, where most of the events are due to proton absorption in a single crystal. Instead, the energy deposited by recoil protons, which hit both crystals in coincidence, represented a continuous shoulder which extents up to 10 MeV in the first crystal and up to 6 MeV in the second. The general agreement between the measured and the simulated deposited energy spectra is satisfactory. The discrepancy in the < 4 MeV region could be due to underestimation of 12 C(n, n ) inelastic cross section in Binary Cascade model of Geant4.
The sum of the energies deposited in the two crystals in coincidence is shown in Fig. 15 for the two electronics readouts and for the simulations. The results are in good agreement: in both the measurements and in the simulations the distribution of the total deposited energy exhibits a peak around 12.7 MeV, with a RMS width of about 700 keV. Protons lost on average 140 keV traveling through the converter and the contacts. The 700 keV width is due to the electronics resolution, to the proton straggling in the converter and in the contacts as well as due to the 11 • angular aperture between the two crystals, i.e the maximum angle between the proton flight direction and the converter surface normal which allows the coincidence measurements.
The telescope prototype efficiency to 14 MeV neutrons in coincidence is about 2.5 ×10 −6 for both the electronic readouts and for the simulations, within 15%, as shown in Table II.  In the Table, N source is the total number of neutrons impinging on the converter surface. For the measurements, this number was evaluated as:
where N α is the number of α particles detected by the α-counter placed in the FNG beam line. The α-counter is used as neutron emission monitor in the t(d,n)α reaction, whose inverse acceptance α = 4.87 × 10 7 is the conversion factor to obtain the total neutron yield, evaluated in [15] .
MC N P = 6.3 × 10 −4 is the neutron flux at the converter surface per FNG source particle, which was evaluated using MCNP, and S convert er is the surface of the converter. N rec is the number of events reconstructed in coincidence, applying an energy threshold of 10 MeV. The efficiency obtained by measurements and simulations is also compatible with the following rough estimate:
where ρ = 1 g/cm 3 is the density of the polyethylene, whose chemical formula is C 2 H 4 , A = 28 is its molar mass and n H = 4 is the number of H atoms in the molecule, N A is the Avogadro number, x = 70 μm is the converter thickness, σ (n,n) (E n = 14 MeV) = 0.69 b is the neutron cross section on the plastic converter, S hole /S convert er = 0.11 is the ratio between the PCB hole area and the converter surface, which represents the fraction of protons which actually can reach the crystals. θ = 0.015 is the solid angle fraction seen by a proton traveling from the first crystal to the second, without taking into consideration the boost in the laboratory frame due to the proton momentum. Despite the approximations of this estimate, it gives the correct value of the prototype efficiency within 10%. The assembly with commercial detectors allowed to perform a feasibility measurement, useful to prove the validity of the concept and to estimate the efficiency and the resolution of the detector. Though, a customized prototype would be required to investigate further the feasibility of a neutron spectrometer for lower energy. In fact, in our measurements, only protons with energy higher than 10 MeV were detected in coincidence, because the first crystal, 500 μm thick, stopped the lower energy protons. For this reason, the reconstruction of the neutron spectrum was limited to the 10-14 MeV window. Using crystals of lower thicknesses would allow to reconstruct the neutron spectrum down to 2 MeV, as shown in the previous section. Though, thinner crystals are not commercially available yet and 30 μm are difficult to produce. Using a thinner converter would improve the resolution, which would be less affected by the straggling of the protons in the converter, but it would reduce the conversion efficiency. Finally, increasing the distance between detectors would improve the resolution without any unfolding procedure, but it would reduce the efficiency significantly.
IV. CONCLUSIONS
In this work, a new concept of proton recoil telescope was studied and realized. The prototype was optimized for 14 MeV neutrons from DT fusion reaction. It was designed with a plastic converter in front of the sensitive volume, made by two CVD diamonds, placed at some distance. Using two crystals allows to perform coincidence measurements, which greatly reduce the background due to elastic scattering of the neutrons on the carbon nuclei. Distancing the crystals allows to select only the protons recoiled forward with respect to the incoming neutron direction, and thus of the same energy of the incoming neutrons. Simulations of the detector response were carried out with the Monte Carlo code Geant4, to optimize the geometrical parameters such as the converter and the crystal thickness, their relative distance, etc. Three different prototypes were considered, which accounted for different diamond thicknesses of 3 × 3 mm 2 crystals: a first ideal prototype, composed by a first very thin crystal, 30 μm thick, and a second crystal 700 μm thick, placed at 1 cm of distance with respect to the first, was studied. The second prototype used commercially available diamond thicknesses, 300 μm and 500 μm respectively, also at 1 cm of distance. The third prototype considered an intermediate situation, assuming that the lapping technique could reduce the thickness of the commercial crystals. For this third configuration, 100 μm and 600 μm thick crystals at 1 cm of distance were considered. Very promising results came from those simulations, showing satisfactory efficiency, of the order of 10 −6 , and a rejection of the competitive process contamination to a few % for all the prototypes studied. In the prototype 1, the incoming neutron spectrum could be reconstructed down to 2 MeV, so in principle it represented the best option, but 30 μm thick crystals are fabricated by a delicate lapping procedure from thicker diamonds, which could increase the cost. For prototype 2 and 3, whose assembly presents fewer difficulties, an energy threshold of 8 MeV and 4 MeV, respectively, was imposed by the thickness of the first crystal. A preliminary prototype was assembled using standard DDL detectors with 500 μm thickness and 4.7 × 4.7 mm 2 area. Despite the crystal thicknesses were not optimized, this preliminary prototype allowed to prove the operational principle of the concept. Such prototype was tested at the Frascati Neutron Generator facility. The detector response to the neutron flux was analyzed and compared with Geant4 simulations, which exhibited good agreement with. The prototype featured an efficiency to 14 MeV neutron detection in coincidence of about 2.5 ×10 −6 . Resolutions of about 70 keV for the fast chain and 250 keV for the charge sensitive chain were observed, the last one was affected by large electronic noise. However, even for the the fast chain 700 keV width of the 14 MeV peak was observed, mainly due to the limited distance (1 cm) between the two diamond detectors. In addition, because of the thickness of the first crystal, the neutron spectrum was reconstructed only down to 10 MeV. Given the promising results of the measurements, a prototype with custom crystals with the optimized thicknesses found in our study and with increased distance between the detectors (as far as sufficient counting statistics can be obtained) should be fabricated and tested, to demonstrate the detector performances for lower energy neutrons. In particular, these activities will be funded in the framework of the Fusion For Energy Grant SG05.
